Escherichia coli Sonnei has an O antigen identical to that of Plesiomonas shigelloides O17, and its O-antigen gene cluster is located on a plasmid. By sequencing the chromosomal O-antigen gene cluster of P. shigelloides O17 and comparing it with that of Sonnei, we showed that Sonnei gained its O-antigen genes recently.
In humans, Shigella spp. cause disease ranging from diarrhea to bacillary dysentery. Four species are officially recognizedShigella dysenteriae, Shigella flexneri, Shigella boydii, and Shigella sonnei-but all are sufficiently similar to Escherichia coli to be placed in the same species (6, 10, 14, 35, 40) . We will refer to Shigella sonnei as Sonnei, a clone of E. coli.
The O antigen, which contains many repeats of an oligosaccharide unit (O unit), is part of the lipopolysaccharide (LPS) present in the outer membrane of gram-negative bacteria. It contributes major antigenic variability to the cell surface and confers O-serotype specificity. There are 166 known O antigens recognized in the E. coli typing scheme (29) , and there are 34 among the Shigella strains (11, 28) . There is considerable overlap in O antigens of traditional E. coli and Shigella strains of E. coli, and the total number of unique O antigens in E. coli (including Shigella strains) is 190. The surface O antigen is subject to intense selection by the host immune system, which may account for the maintenance of many different O-antigen forms within species such as E. coli.
The genes for O-antigen synthesis are normally grouped together on the chromosome in a gene cluster which maps close to gnd in both E. coli and Salmonella enterica. We, among others, have undertaken an extensive study of the genetic basis of O-antigen variation by sequencing and identifying the Oantigen genes, mostly in S. enterica and E. coli (see reference 42 for a review). It has been found that, in general, O-antigen genes have a low GC content (usually less than 40%). We suggested that this deviation in GC content from that of typical S. enterica or E. coli genes (51%) indicates that the O-antigen DNA originated in a species other than S. enterica or E. coli and was captured by lateral transfer (21) . We and others have previously studied DNA recombination events between O-antigen gene clusters within S. enterica (8, 59) and between E. coli and Klebsiella (49) . In this study, we demonstrated interspecies transfer of an entire O-antigen gene cluster.
Sonnei has an O antigen (4, 23) not otherwise found in E. coli which is identical to that of serotype 17 of Plesiomonas shigelloides (41, 50) . The O-antigen genes of Sonnei are unusual in that they occur on a plasmid, the invasion plasmid (Pinv), which is more than 180 kb in size and is essential for penetration of host epithelial cells (44, 56, 57) . It has been shown that this O-antigen gene cluster can hybridize to the chromosomal O-antigen genes of P. shigelloides serotype O17 (52) . Most of the plasmid-borne O-antigen gene cluster has been sequenced, and it has been shown that, for at least a few hundred base pairs, the Sonnei O-antigen gene cluster is identical in sequence to that of P. shigelloides O17 (19, 20) .
Sonnei strains which have lost the Pinv plasmid lack O antigen (24) , suggesting that O-antigen genes at the chromosomal site are nonfunctional. We have recently cloned and sequenced the chromosomal O-antigen genes from Sonnei and showed that this bacterium has a remnant O-antigen gene cluster on the chromosome; most of the original cluster apparently has been deleted by homologous recombination between manB genes in the adjacent O-antigen and colanic acid gene clusters (26) . Sonnei, and indeed all Shigella and many other human-pathogenic clones of E. coli, is thought to have relatively recently adapted to the diarrhea-causing mode of pathogenesis in humans (12, 32) . The finding that a presumably typical chromosomal O-antigen gene cluster was lost by deletion indicated that to adapt to a new niche, Sonnei gained new O-antigen genes on a plasmid and that this was followed by inactivation of the original chromosomal O-antigen gene cluster.
In this study, we sequenced the entire O-antigen gene cluster of P. shigelloides O17, as well as part of the Sonnei plasmidborne O-gene cluster to obtain the full sequence. Comparison of the two sequences showed that they are almost identical, with the exception of the wzz and wbgZ genes. The high level of similarity indicates that the O-antigen gene cluster has recently transferred from one species to the other. We assume that because the Sonnei O-antigen genes are on a plasmid, the transfer has been from P. shigelloides to E. coli; the high level of similarity for most genes suggests that only recently did Sonnei gained its current O antigen. The level of difference between the two wzz and wbgZ genes is higher than that between other genes of the two gene clusters, and there is evidence that the wzz gene on the plasmid has been under selection for change in the new host.
Sequences of O-antigen gene clusters. Figure 1 shows the O-antigen gene clusters of P. shigelloides O17 strain C27 (ATCC 14030) and the Pinv plasmid of E. coli Sonnei strain 53G1. The segment from positions 733 to 11750 of plasmid Pinv has already been sequenced (19) , and the corresponding region in strain C27 (positions 733 to 10598 [ Fig. 1]) was PCR amplified and sequenced by using oligonucleotide primers syn-thesized based on the published sequence of Pinv. Because these two sequences are highly similar (see below), we also resequenced this region from Pinv to make sure that variations observed were not due to sequencing errors. We found some discrepancies between our sequence of Pinv and the sequence obtained by Houng and Venkatesan (19) . We have sequenced each of the relevant bases at least three times and are confident that our sequence is correct.
We have shown that a 39-bp element, termed the JUMPstart sequence, is present upstream of many polysaccharide gene clusters (18) . To sequence the 5Ј region of the O-antigen gene cluster (from positions 1 to 980 [ Fig. 1]) , oligonucleotides which bind to the middle of the JUMPstart sequence (no. 412; 5Ј-ATTGGTAGCTGTAAGCCAAGGGCGGTAGCGT) and positions 1024 to 1007 (no. 1628) within the O-antigen gene cluster were used to PCR amplify DNA fragments of about 1 kb from both strain C27 and the Pinv plasmid. Both PCR fragments were first sequenced from both ends, and then PCR walking was carried out to complete the sequence of each fragment.
The sequence of the 3Ј region (positions 10599 to 12540 [ Fig. 1 ]) of strain C27 was obtained by walking downstream from the sequenced region, using suppression PCR. This was done essentially as described by Siebert et al. (46) . Adapters and adapter primers were those used previously by Lan and Reeves (27) . Aliquots of chromosomal DNA were digested separately with one of several restriction enzymes (BglI, BglII, ClaI, DraI, HpaI, and KpnI), and adapters were ligated to the fragments. For the first round of amplification, oligonucleotide primer 2261 (5Ј-TTAGTGCACCGATGTGGT) was used in combination with suppression PCR primer 604 (5Ј-GGATGG TAATGAACCTCACTAATGCG). Amplified fragments were isolated from agarose gels and reamplified by using nested primer pair 2260 (5Ј-GCTGCAGCTATTCTTACC)-605 (5Ј-M13R-CTAATGCGGTCGAGCGGC). A fragment of about 1 kb was obtained from the KpnI digest, cloned into pGEM-T, and sequenced; this generated the sequence from positions 10430 to 11381. Two more rounds of amplification, using primers (3293 [5Ј-ACAGATGGTGATGAAGTC] and 3294 [5Ј-G TTGAGCATAATGTGGTG]) based on the newly obtained sequence in combination with the two suppression PCR primers, generated a fragment of about 1.1 kb from the BglI digest. This fragment was also cloned into pGEM-T and sequenced (positions 11350 to 12540).
Sequencing was performed with an Applied Biosystems model 377 automated DNA sequencer. Sequence data were assembled and analyzed by the Australian National Genomic Information Service, (A. H. Reisner, C. A. Bucholtz, J. Smelt, and S. McNeil, Proc. 26th Annu. Hawaii Int. Conf. Syst. Sci., p. 595-602, 1993). The region from positions 11751 to 12661 of PinV ( Fig. 1 ) was sequenced by using primers based on the sequence of strain C27.
The O-antigen gene cluster is located between a JUMPstart sequence and an aquaporin gene. The JUMPstart sequence is located upstream of O-antigen gene clusters. We used a primer which binds to it to amplify and sequence the 5Ј ends of the gene clusters, and for both gene clusters the first base downstream of the JUMPstart sequence is treated as position 1.
The 3Ј regions in both gene clusters (position 12259 to the end of strain C27 and position 13411 to the end of plasmid Pinv) showed a high degree of similarity (76% identity at the protein level) to the 5Ј end of the E. coli aquaporin Z gene (GenBank accession no. AAC43518). The GC content for the regions downstream of positions 12258 and 13410 in strains C27 and plasmid Pinv, respectively, is relatively higher than that of the rest of the sequence (Fig. 1) . We suggest that the O-antigen gene clusters end at positions 12258 and 13410 in strain C27 and plasmid Pinv, respectively.
O-antigen genes. There are 10 genes in the gene cluster of strain C27, and there are 10 genes plus an insertion sequence (IS) in the gene cluster of plasmid Pinv; all genes have the same transcriptional direction from JUMPstart to the aquaporin gene (Fig. 1) . The nucleotide and amino acid sequences were used to search available databases for indications of pos- The O unit contains two sugars, 2-amino-2-deoxy-L-altruronic acid (2Ac-AltUA) and 2-acetamino-4-amino-2,4,6-trideoxy-Dgalactose (4n-FucNAc) (4, 23) . The gene cluster is predicted to contain two transferase genes, genes for the synthesis of the two deoxynucleoside triphosphate precursor sugars, an O-antigen flippase gene (wzx), an O-antigen polymerase gene (wzy), and a chain length determinant gene (wzz).
Comparison of corresponding genes in the two gene clusters showed levels of identity ranging from 91.1 to 100% at the DNA level and from 92.4 to 100% at the protein level. Thus, these corresponding genes must have the same function, and in the following discussion the percent similarity data are related to the genes of strain C27.
(i) orf1. The deduced amino acid sequence of the protein encoded by orf1 exhibits about 46% similarity and 26% identity to that of the wzz gene of E. coli O111 (3). Wzz proteins are characterized by two transmembrane domains, located in the amino-terminal and carboxy-terminal regions, and a large hydrophilic central domain located in the periplasm (34) . Orf1 has a similar hydrophobic profile, and we have named orf1 wzz.
(ii) orf2 and orf3. The deduced amino acid sequences of the proteins encoded by orf2 and orf3 have significant homology to a variety of UDP-glucose/GDP-mannose dehydrogenase and nucleotide sugar epimerase genes, respectively. WcdA and WcdB of the S. enterica serovar Typhi Vi antigen gene cluster (16, 53) have the highest levels of identity to Orf2 (63%) and Orf3 (64%), respectively. orf2 and orf3, which are thought to be sugar pathway genes, have been named wbgT and wbgU, respectively.
(iii) orf4. The orf4 gene is predicted to encode an integral inner-membrane protein with 12 transmembrane segments, suggesting that it is the wzx gene. The predicted protein also has the conserved motif found near the amino-terminal end of Wzx (48) . orf4 has been named wzx.
(iv) orf5. The orf5 gene encodes a protein containing eight predicted transmembrane segments with a large cytoplasmic loop (83 amino acids). This inner-membrane topology is a characteristic feature of all known O-antigen polymerases (33), and we believe that orf5 is the O-antigen polymerase gene, wzy.
(v) orf6. The deduced amino acid sequence of the protein encoded by orf6 shows similarity to many NADH dehydrogenases. It is thought to be a sugar pathway gene and has been named wbgV.
(vi) orf7. The deduced amino acid sequence of the orf7-encoded protein exhibits 54.2% similarity to WaaV, a glucosyl transferase involved in the synthesis of the LPS core in E. coli (17) . It is highly likely that this gene, which has been named wbgW, encodes a transferase.
(vii) orf8. The deduced amino acid sequence of the protein encoded by orf8 exhibits 75.5% similarity and 56.5% identity to that of the wlbF gene of the Bordetella pertussis O-antigen gene cluster, which shows similarity to a group of nucleotide sugar aminotransferase genes (2) . orf8 is also similar to this group of genes, which includes the per gene (36.2% identity and 59.3% similarity at the amino acid level) of the E. coli O157 O-antigen gene cluster. This gene, which is highly likely to be involved in the synthesis of 4n-FucNAc (see below), has been named wbgX.
(viii) orf9. The deduced amino acid sequence of the orf9-encoded protein shows 63% similarity and 39% identity to the C-terminal half of that of wbaP of the S. enterica O4 gene cluster (21) . WbaP is the galactosyltransferase catalyzing the first step of S. enterica O4-antigen synthesis (21) , and it has been shown that it is the C-terminal half that encodes the transferase function (54) . We have shown that all or C-terminal half of WbaP exhibits similarity to a protein family whose members all catalyze the first step in polysaccharide synthesis (54) . orf9, which has been named wbgY, is thought to encode the transferase catalyzing the first step of O-antigen synthesis.
(ix) orf10. The deduced protein product of orf10 is homologous to the members of the WbcP family of proteins, which are required for the biosynthesis of surface polysaccharides in numerous bacterial species and may function as nucleotide sugar epimerases or dehydratases (9) . Among the proteins of this family, WbcP of the Yersinia enterocolitica LPS outer-core gene cluster (47) is most similar to Orf10, exhibiting 82.4% similarity and 68.5% identity. orf10, a putative sugar pathway gene, has been named wbgZ.
The two potential transferase genes are as expected based on the O-antigen structure with one (wbgY) having the characteristics expected for the first transferase. wbgV and wbgX may be involved in the synthesis of UDP-4-n-FucNAc from UDP-N-acetylglucosamine (UDP-GlcNAc); the putative biosynthetic pathway is shown in Fig. 2 . WbgV is homologous to a variety of dehydrogenases, and we propose that it is a UDPGlcNAc dehydrogenase. The reaction converting UDP-4-keto-6-deoxy-GlcNAc to UDP-4n-FucNAc is very similar to the last step of the biosynthesis of GDP-perosamine by the Per protein (55). WbgX is homologous to Per, and we believe that WbgX is required for this step. The biosynthetic pathway for 2Ac-AltUA is not clear, and we propose that wbgU and wbgZ (encoding two epimerase homologues) as well as wbgT (encoding a dehydrogenase homologue) are involved.
The plasmid-borne Sonnei O-antigen gene cluster has an IS630 element. Houng and Venkatesan (19) found that between the wzy and wbgV genes in the O-antigen gene cluster of plasmid Pinv there is a 1,153-bp IS (positions 6215 to 7367) which is absent in the O-antigen gene cluster of strain C27 (Fig. 1) . Comparison of the two gene clusters shows that the IS is within the sixth codon from the end of the wzy gene, making the wzy gene in plasmid Pinv four codons shorter than that in the C27 cluster and generating a duplication of the two bases (TA) upstream of the insertion site (Fig. 3) . The IS, which is an IS630 element, is 1,153 bp in length and is almost identical (99.4% identity) to the IS630 element of Sonnei identified by Matsutani et al. (31) . There is a transposase gene in the IS and a 29-bp inverted repeat at each end as described by Matsutani et al. (31) .
Relationship between the O-antigen gene clusters of P. shigelloides O17 and E. coli Sonnei. The functional O-antigen genes of Sonnei are on a plasmid, and we have previously shown that this bacterium has a remnant O-antigen gene cluster on its chromosome (26) . In the present study, we showed that the plasmid-borne Sonnei O-antigen gene cluster is almost identical to that of P. shigelloides O17. The gene order is conserved between the two gene clusters, except for the presence of an IS630 element between wzy and wbgV in Sonnei. The level of DNA identity is generally high between corresponding genes of the two gene clusters, ranging from 99.1 to 100%, except for wzz and wbgZ. Thus, the transfer of this gene cluster from one species to the other must have been a recent event. Because the gene cluster is located on a plasmid and has an IS630 element inserted in the case of Sonnei, it is highly likely that the direction of the transfer was from P. shigelloides to E. coli.
wzz and wbgZ, which show the highest level of difference (Fig. 1) , are at the ends of the gene cluster. It has been observed that genes at the ends of polymorphic O-antigen and capsular gene clusters are often genes present in gene clusters for other forms of the O antigen or capsule in the species and are sites of recombination in intraspecies transfer of the gene cluster. A recent study of O-antigen rml genes in S. enterica (Li and P. R. Reeves, unpublished data) showed that this recombination can result in levels of variation for the genes at the end of a cluster similar to the intraspecies sequence variation seen with housekeeping genes, which is much higher than that for mutations in genes located in the center of the gene clusters, which are strongly conserved in different isolates with the same O antigen. The higher level of divergence in the Sonnei and O17 wzz and wbgZ sequences could be due to the genes in the P. shigelloides source of the gene cluster that is now in E. coli Sonnei being different from the corresponding genes in the gene cluster now selected from P. shigelloides for sequencing. This possibility is supported by the observation that there is very little variation for the first 675 bases of wbgZ (0.044%) compared to the rest of the gene (4.5%), indicative of a recombination event within the P. shigelloides wbgZ gene at about position 675 (position 10899 in the whole sequence). The divergence of 3.6% for the short segment of aqpZ sequenced is supportive of this possibility since it would reflect divergence in housekeeping genes in the two P. shigelloides strains involved in the recombination event.
The situation for wzz is different; there is a much higher level of divergence (8.9%) (Fig. 1 ) and a much higher K A than for wbgZ. The two wzz genes had a K S of 0.28, a K A of 0.042, and a K S /K A ratio of 7. Sharp (45) compared 67 housekeeping genes present in both E. coli K-12 and S. enterica serovar Typhimurium and found average values for K S and K A of 0.94 and 0.039, respectively, and an average K S /K A ratio of 24. The two wzz genes had a K S of 0.28, a K A of 0.042, and a K S /K A ratio of 7. The atypical value for K A and much lower K S /K A ratio of 7 relative to the corresponding values for housekeeping genes of E. coli and S. enterica, in which substitutions are assumed to be mainly due to genetic drift, indicate that there is selection pressure on wzz to change amino acids. Note that the K S /K A ratio for the 3Ј end of wbgZ (positions 676 to 1917 in the gene) is 22, within the normal range for neutral mutations.
The chromosomal wzz gene in Sonnei. The E. coli wzz gene is usually located outside of the O-antigen gene cluster in a region between the gnd gene and the his operon (3). We showed previously that most of the Sonnei chromosomal Oantigen gene cluster had been deleted, but we did not look at the wzz gene.
Fragments covering the wzz region were PCR amplified from Sonnei chromosomal DNA, using primer pairs 2126 (5Ј-GCKAACYTRATYCAGGCNCAGCGYGACTA)-465 (5Ј-C CCGGATCCTTATTTCGCGTTGTA) and 2127 (5Ј-ACGGT AATTGAGAACCTG)-466 (5Ј-CCCGAATTCATGAGAGT AGAAAAT). These two fragments were then sequenced using primers 466 and 465, respectively, and PCR walking was carried out until the full wzz gene was sequenced. This wzz gene shows high level of similarity to many E. coli wzz genes, particularly to that of E. coli K-12 (5) and O157:H7 strain EDL933 (13) (99.8 and 96.4% DNA sequence identity, respectively). The basic O-antigen chain length of E. coli varies, generally being in the range of 10 to 18 O units (7, 25, 39) . For convenience, the LPSs of E. coli have been divided into three groups, i.e., those having short (7 to 16 O units), intermediate (10 to 18 O units), or long (16 to 25 O units) chains (13) . A comparison of Wzz proteins of 22 E. coli strains identified motifs specific for each group, and some of the residues involved have been shown by mutagenesis experiments to direct different chain lengths (13) . Alignment of Wzz of the Sonnei chromosome with these 22 proteins shows that it be- There is evidence of an association between O-antigen chain length and pathogenicity in E. coli, and it has been suggested that the specific chain length range of the O antigen may be an important virulence factor (13) . Sonnei produces an LPS with a basic chain length of 18 to 25 O units (51) . The Sonnei chromosomal wzz gene encodes a typical intermediate-length Wzz (for a chain length of 10 to 18 O units), and we believe that the O-antigen chain length is determined by the protein encoded by the plasmid wzz gene. Comparison of the Sonnei plasmidborne wzz with that of P. shigelloides O17 showed a relatively high level of nonsynonymous substitutions. Sonnei has a shorter O-antigen chain length than P. shigelloides O17 (51), and we suggest that a shorter chain length better suits the niche occupied by Sonnei and that there has been selection pressure on the Sonnei plasmid-borne wzz gene to change.
Time of transfer of the O-antigen gene cluster to Sonnei. The sequence variation at synonymous sites ( Fig. 1 ) was used to estimate when the last common ancestor existed. wzz, wbgZ, and aqpZ were excluded for reasons given above. Two synonymous clock rates have been proposed for E. coli. Based on the proposal that E. coli and S. enterica last shared a common ancestor about 140 million years ago and that 95% of synonymous sites have been exchanged since then, Whittam calculated the rate of synonymous-polymorphism accumulation to be 6 ϫ 10 Ϫ9 per year (58) . A higher rate of 3 ϫ 10 Ϫ8 was calculated by Guttman and Dykhuizen on the basis that the mutation rate is about 10 Ϫ10 and that E. coli undergoes approximately 300 divisions per year under natural conditions (15) . The mean K S value for these eight genes is 0.01339, and the date since divergence of the two O-antigen gene clusters was estimated to be 45,000 to 220,000 years, using the two clock rates. This estimate assumes similar clock rates for P. shigelloides and E. coli. Furthermore, the average generation time for Shigella may be different from that of other E. coli strains since Shigella forms have a rapid buildup of numbers during infection. Thus, the figures obtained here can only be thought of as estimates.
Diseases of humans caused by enteric bacterial infections are thought to have emerged after agricultural settlement, which occurred about 8000 B.C., because the nature of their infection and transmission makes them unlikely to have been successful in the previous hunter-gatherer society (12, 32) . Thus, Sonnei is thought to have emerged as a human-pathogenic clone of E. coli in the last 10,000 years. One might expect that capture of the O-antigen gene cluster from P. shigelloides and loss of function of the original O-antigen gene cluster would have occurred in that period as part of the adaptation to a new niche. The synonymous-substitution data suggest an earlier data, but it is possible that there is some sequence variation within P. shigelloides O27, even in the O-antigen genes, which would account for part of the variation between the two sequences being compared. However, the data give an estimate for the earliest possible time of transfer of the Sonnei O-antigen genes into E. coli.
O-antigen variation is extensive in bacteria. It has been observed that some O-antigen forms are disproportionately represented in pathogenic clones of E. coli, and it has been concluded that O-antigen specificity is an important determinant of pathogenicity (36) (37) (38) . P. shigelloides is pathogenic to humans, mainly causing diarrhea (22) , and strains of serotype O17 are the most frequently isolated (1) . Thus, the transfer of the P. shigelloides O17-antigen gene cluster into E. coli could have occurred as part of the evolution of the pathogenic Sonnei clone of E. coli.
It has been shown that Sonnei strains have more than six copies of IS630, but other strains of Enterobacteriaceae tested seldom have this IS (30) . Thus, it is most likely that the IS630 element in the Sonnei O-antigen gene cluster was transposed to its current site from the Sonnei chromosome after entry of the Pinv plasmid into Sonnei. This is supported by the high level of DNA sequence identity between the plasmid-borne and chromosomal IS630 elements (GenBank accession no. SSIS630). The other possibility is that IS630 was brought into Sonnei from P. shigelloides via the Pinv plasmid and then moved into chromosomal sites. The position of IS630 in the middle of the gene cluster does not suggest any specific role in the mobilization of the plasmid.
Nucleotide sequence accession number. The DNA sequences have been deposited in GenBank under accession no. AF285970 (the O-antigen gene cluster of P. shigelloides O17), AF285971 (the plasmid-borne O-antigen gene cluster of Sonnei), and AF295304 (the chromosomal wzz gene of Sonnei).
